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The potential and benefits of nanoparticles in nanobiotechnology have been enthusiastically discussed in
recent literature; however, little is known about the potential risks of contamination by accidental contact
during production or use. Although theories of transdermal drug delivery suggest that skin structure and
composition do not allow the penetration of materials larger than 600 Da, some articles on particle penetration
into the skin have been recently published. Consequently, we wanted to evaluate whether metallic
nanoparticles smaller than 10 nm could penetrate and eventually permeate the skin. Two different stabilized
nanoparticle dispersions were applied to excised human skin samples using vertical diffusion cells.
At established time points, solutions in receiving chambers were quantified for nanoparticle concentration,
and skin was processed for light transmission and electron microscope examination. The results of this study
showed that nanoparticles were able to penetrate the hair follicle and stratum corneum (SC), occasionally
reaching the viable epidermis. Yet, nanoparticles were unable to permeate the skin. These results represent a
breakthrough in skin penetration because it is early evidence where rigid nanoparticles have been shown to
passively reach the viable epidermis through the SC lipidic matrix.
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INTRODUCTION
Nanotechnology involves the design, production, character-
ization, and applications of materials (molecules or devices)
whose dimensions are less than 100 nm. It has been shown
that at nanometric scale, materials acquire new properties
that can be exploited in numerous fields, including biotech-
nology, bioengineering, nanotechnology, and nanomedicine
(Website of the Royal Society and Royal Academy of
Engineering on Nanotechnology and Nanoscience, Final
Report at www.nanotech.org.uk/index.htm, August 2006).
Such materials are generally called nanomaterials. They can
be categorized as nanotubes, nanowires, nanoshells, nano-
particles, quantum dots, dendrimers, and biopolymers (Web-
site of the Royal Society and Royal Academy of Engineering
on Nanotechnology and Nanoscience, Final Report at
www.nanotech.org.uk/index.htm, August 2006). Among
these, nanoparticles could play an important role in
nanomedicine.
With regard to nanoparticles, rapid advances in nano-
technology have made it possible to synthesize different
types of metallic and/or magnetic particles whose diameter is
of the order of a few nanometers and even less. In addition,
their surfaces can be modified by bioactive molecules
or imaging probes that can be adsorbed, coated, conjugated,
or linked to them. Owing to the wide applicability of
such modified systems, they have been proposed for (i) cell
labeling and targeting, (ii) tissue engineering, (iii) drug
delivery, drug targeting, and magnetic drug targeting, (iv)
magnetic resonance imaging, (v) hyperthermia, (vi) magneto-
fection, and (vii) analysis of biomolecules, to cite just a
few (Penn et al., 2003; Gupta and Gupta, 2005; Neuberger
et al., 2005).
Many of these applications can also be tailored to target
skin. For instance, cell labeling/targeting may help in the
early diagnosis of a skin disease, which could also be treated
with the goal of nanocarriers for drug delivery or targeting,
hyperthermia, or magnetofection. In addition, a tissue
engineering approach could be useful for skin wound healing
therapies. Furthermore, the possibility of exploiting the
magnetic properties of these particles might help in directing
and localizing these agents in a particular layer of the skin
where their action is desired.
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However, would it be realistic to envisage potential
applications of nanoparticles in the skin, as this would mean
that nanoparticles would penetrate the skin? And more
importantly, if they do penetrate, would people exposed to
such nanomaterials be accidentally contaminated and thus
exposed to a potential local and/or systemic health risk?
Indubitably, one of the functions of the skin, and more
precisely the stratum corneum (SC), is to protect the body
from the external environment (Elias, 2005). Thus, to answer
the first question, targeting one of the layers of the skin (i.e.,
SC, viable epidermis, dermis) requires first overcoming the
natural skin barrier and then retaining the delivered agent
(i.e., drug, nanoparticle, drug–nanoparticle complex) in one
specific skin layer. It is well known that only small (o600 Da)
lipophilic molecules can easily penetrate the skin passively
(Barry, 2001). Hence, over the last three decades many
strategies have been developed to modify the skin barrier
reversibly, thus enlarging the number of possible drug
candidates for systemic pathologies. These strategies enume-
rate the use of chemical enhancers, novel formulations,
iontophoresis, sonophoresis, electroporation, and micro-
needles (Guy, 1996; Barry, 2001; Moranti et al., 2001;
Langer, 2004). These solutions greatly improve the transder-
mal delivery of a particular agent; however, retention in the
skin is still difficult to achieve. Consequently, a major part of
the literature on percutaneous absorption and delivery
suggests that particles might have great difficulty in penetrat-
ing the skin, and that in the presence of strategies to enhance
the delivery, it would be difficult to maintain nanoparticles
on site.
Nevertheless, several articles on particle penetration have
been recently published (see details in the Discussion
session), suggesting that processes governing the penetration
of chemicals (Hadgraft, 2001) and particles might not be the
same. Although mechanisms have not yet been clarified in
the latter case, the results lead to two conclusions: (1) it may
be possible to design and produce nanoparticles for skin
applications and (2) the possibility that a person could be
accidentally contaminated with nanomaterials through the
cutaneous route might be higher than expected (Hoet et al.,
2004; Holsapple et al., 2005; Oberdo¨rster et al., 2005)
because extensive studies on nanotoxicology and nanoma-
terial safeness have recently been undertaken (Hoet et al.,
2004; Holsapple and Lehman-McKeeman, 2005; Holsapple
et al., 2005; Oberdo¨rster et al., 2005; Thomas and Sayre,
2005).
This work, therefore, investigated whether superficially
modified iron-based nanoparticles, not designed for skin
absorption but whose dimensions are compatible with those
of skin penetration routes (Johnson et al., 1997; Tang et al.,
2001; Bouwstra and Honeywell-Nguyen, 2002; Bouwstra
et al., 2002, 2003; Cevc, 2004; Al-Amoudi et al., 2005), are
able to penetrate and perhaps permeate the skin.
RESULTS
Nanoparticle synthesis and characterization
Maghemite and iron nanoparticle syntheses were carried out
according to previously developed methods based on a
microemulsion technique (Lo´pez Quintela and Rivas, 1993).
Syntheses included a stabilization step to prevent irreversible
particle aggregation on dispersion in an aqueous medium.
Stabilization was achieved by coating the nanoparticle core
with organic molecules (tetramethylammonium hydroxide
(TMAOH), sodium bis(2-ethylhexyl) sulfosuccinate (AOT))
that were absorbed onto it. As a result, brownish/rust-colored
dispersions were obtained in both cases (Figure 1).
X-ray electron diffraction measurements revealed that
TMAOH-stabilized maghemite nanoparticles (TMAOH-NPs)
were uniform in size and as small as 6.970.9 nm. These
results were confirmed by transmission electron microscope
(TEM) visualizations (5.972.5 nm, n¼29; Figure 2a and
Table 1) and magnetic measurements (data not shown).
Nonetheless, TEM revealed that TMAOH-NPs could be found
as slightly electron-dense individual particles (Figure 2a) and
be arranged in clusters (Figure 2a) of variable sizes (up to
several hundreds of nanometers; Figure 2a and Table 1),
results that were confirmed by dynamic light scattering (DLS)
measurements (Figure 2c and Table 1), which allowed one to
(1) exclude artifacts in TEM specimens and (2) determine the
reversibility of these clusters. Consequently, the most
probable scenario is that particles may arrange in clusters,
which show an approximate relaxation time of around 50 ms,
as can be deduced from the non-diffusive peaks that appear
as ‘‘effective’’ large sizes (larger than 1 mm in Figure 2c) in the
transformed relaxation data (Blanco et al., 2000). Also, by
decreasing the pH12 of the dispersing medium, particle
clusters flocculated (Vidal Vidal J (2004). Bachelor Thesis
‘‘Preparacio´n de pinturas para apantallamento electromag-
ne´tico,’’ Faculty of Chemistry, University of Santiago de
Compostela), which indirectly confirmed that TMAOH ions
interact weakly with maghemite nanoparticle surfaces. Zeta-
potential studies showed that the isoelectric point of
TMAOH-NPs was 6.3. Consequently, particles are respec-
tively negatively or positively charged when they are exposed
to a pH that is either greater or less than 6.3.
Dimensions of AOT-stabilized iron nanoparticles (AOT-
NPs) were obtained by TEM and DLS measurements. TEM
showed that AOT-NP dispersions were rich in AOT and
contained highly electron-dense particles of different sizes
(Figure 2b), of which 51.1% of observed nanoparticles
(n¼43) had a diameter of 4.971.3 nm (Table 1). DLS
a b c d
Figure 1. Nanoparticle dispersion macroscopic appearance. Two different
dilutions of (a, b) AOT-NP and (c, d) TMAOH-NP dispersions were
photographed with a commercial digital camera (Sony, DSC-W7) to show that
formulations are (a, d) rust-colored transparent liquids that on dilution may
modify (b; AOT-NP) or not (c; TMAOH-NP) their color. (a, d) For penetration
experiments, formulations were used without dilution.
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measurements then revealed that the average size of larger
particles, which according to TEM calculation represent
4.6%, was 82.6763.9 nm (Figure 2d and Table 1). Zeta-
potential studies on AOT-NPs were not conducted because
these particles were an intermediate product. However,
considering that AOT is a sulfonate (a sodium salt of a
sulfonic acid) and that AOT-NPs were dispersed in water, it
can be reasonably deduced that particles might be sur-
rounded by a double shell of AOT molecules and that the
outermost layer of AOT provides a negatively charged surface
that stabilizes particle aqueous dispersion. In addition, TEM
results allow one to assume that AOT-NP dispersion is
composed of AOT-NPs and AOT-reversed micelles.
Both nanoparticles had superparamagnetic properties at
room temperature and could be classified as hydrophilic
nanoparticles (Lo´pez Pe´rez et al., 1997; Lo´pez-Quintela
et al., 1997). However, nanoparticle superparamagnetic
properties were not intentionally exploited to investigate
their penetration ability merely as a function of size and
superficial properties.
Possible routes of skin penetration
Nanoparticle dimensions are considered the most important
parameters because chemical penetration into the skin can
occur through pilosebaceous pores (diameter: 10–70 mm)
(Lauer et al., 1996), sweat gland pores (diameter: 60–80 mm)
(Roberts MS (2004). Skin structure and function. Proceedings
of the preconference course ‘‘Fundamentals of percutaneous
penetration’’. Perspective in percutaneous penetration, La
Grand Motte, 2004), and most commonly through the lipidic
matrix that fills a gap of 75 nm, in air-dried conditions
(Johnson et al., 1997), between the SC dead corneocytes,
cementing them. This lipidic matrix is composed of a mixture
of lipids (Elias, 2005) which arrange in a head–head tail–tail
configuration, thus forming a supramolecular structure of
parallel and repeating lipidic bilayers (Bouwstra and Honey-
well-Nguyen, 2002; Bouwstra et al., 2002, 2003). The
presence of (1) aqueous pores of ca. 2.871.3 nm (Tang
et al., 2001), most likely located in the head–head regions
and (2) fluid lipophilic areas (42.37 nm), within the tail–tail
region that measures 12.8 nm in total (long periodicity phase)
and comprises a central fluid area (2.37 nm) and two adjacent
areas (4.57 nm each) whose fluidity gradually decreases by
moving away from both sides of the central area (Bouwstra
and Honeywell-Nguyen, 2002; Bouwstra et al., 2002, 2003),
has been demonstrated.
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Figure 2. Nanoparticle characterization. Nanoparticle TEM micrographs are
shown in (a) and (b). A drop of each nanoparticle dispersion was deposited on
formvar-coated grids, air-dried, and observed using a TEM operating at
200 kV. (a) TMAOH-NPs and (b) AOT-NPs respectively appeared as
individual slightly (a; gray) or highly (b; dark) electron-dense dots depending
on particle density. (a) TMAOH-NP formulation did not appear
homogeneously dispersed, and particles that were found very close together
(cluster of particles) seemed to be larger and more electron dense. (b) Excess
of AOT in AOT-NP dispersion determined gray shadows in the micrograph
background. Bar¼200 nm. Transformed relaxation data of DLS
measurements of (c) TAMOH-NP and (d) AOT-NP aqueous dispersions
showed the dominant presence of (c) non-diffusive and (d) diffusive peaks,
which are associated with the presence of reversible (c) clusters of particles
and (d) individual particles whose hydrodynamic radius (RH) may vary from a
few nanometers to several nanometers. Refer to Table 1 for actual dimensions.
Table 1. Nanoparticle composition and characterization
Formulation Dimensions (nm)1
Name Core Coating Vehicle TEM DLS
TMAOH-NP g-Maghemite TMAOH H2O+TMAOH 5.972.5 48.6743.5
2
1238.22
13326.82
AOT-NP Iron AOT H2O+AOT 4.971.3 4.870.2
12.871.5 9.672.3
23.373.6 82.6763.9
AOT, sodium bis(2-ethylhexyl) sulfosuccinate; AOT-NP, AOT-stabilized iron nanoparticle; DLS, dynamic light scattering; TEM, transmission electron
microscope; TMAOH, tetramethylammonium hydroxide; TMAOH-NP, TMAOH-stabilized maghemite nanoparticle.
1Dimensions are given as mean7SD.
2Dimensions were extrapolated from non-diffusive peaks.
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By comparing the dimensions of skin openings and
possible routes of entrance with nanoparticle sizes, it was
hypothesized that individual nanoparticles might be small
enough to potentially penetrate the skin. However, the extent
of penetration, as well as the route of entrance, was
considered to depend strongly on all the interactions that
could occur between nanoparticles and skin components
and/or structures.
Also, a lipophilic–hydrophilic gradient and a pH gradient
(Wagner et al., 2003; Elias, 2005) exist in the skin. Although
the lipophilic–hydrophilic gradient is easily identified to be
localized between SC (lipophilic) and viable epidermis
(hydrophilic), little has been written about the pH gradient
of the skin in research articles on skin absorption. However,
we would like to emphasize that the isoelectric point of the
skin has been known since early in the 20th century. It is now
recognized to be between 3.5 and 4.8 (Wilkerson, 1935;
Higaki et al., 2003), which means that skin is negatively
charged under physiological conditions. In addition, the pH
of the skin surface varies with gender, anatomical sites, and
experimental setting. Wagner et al. (2003) have found
that superficial skin pH ranges between 4.7 and 5.5 in vivo,
and between 5.8 and 6.0 in vitro (frozen skin). They have
also demonstrated that the pH of the buffer in contact with
the dermis (in the receiving chamber) may further influence
the pH gradient across SC, viable epidermis, and dermis
(Wagner et al., 2003). Using a neutral buffer (pH 7.4) in
the receiving chamber and frozen skin, Wagner et al. (2003)
found the following values of acidity after 3 hours of
buffer incubation: upper SC: pH 6–6.3; deeper SC and
outermost viable epidermis: pH 6.5; and deeper viable
epidermis: pH 7–7.3.
Consequently, this background may lead one to hypo-
thesize that penetration of nanoparticles, whose dimensions
are compatible with skin absorption routes, might be further
influenced by their superficial charges.
To verify our hypothesis, we performed some studies of
skin penetration.
Penetration experiment set-up
To avoid skin variability among species (Bartek et al., 1972;
Feldman and Maibach, 1974), penetration experiments were
conducted ex vivo using full-thickness skin pieces of healthy
human female donors who did not have a dermatological
disease history. The age of donors did not appear to influence
skin barrier properties, because specific skin electrical
resistivities calculated before starting the penetration experi-
ments (see below) were in accordance with normal skin
values (12–120 kO cm2, direct current) (Inada et al., 1994)
and of the order of 73.72723.67 kO cm2 when values were
extrapolated from current measures at 10 Hz (n¼80). This
frequency was chosen to minimize inductive and capacitive
contributions of viable epidermis on skin resistivity values,
whose modifications, if any, could then be considered as the
reflection of SC barrier alteration (Burnette and DeNuzzio,
1997; Martinsen et al., 1999). In addition, skin electrical
resistivity was monitored at 1 kHz because standard deviation
decreases at this frequency (Rosell et al., 1988) and
differences among groups can be better evaluated. Never-
theless, if a major alteration occurs in the SC barrier, it should
normally be visible at both frequencies.
As initial resistivity measurements confirmed the presence
of an adequate SC barrier, we proceeded with the experi-
ments, which were conducted in static conditions to avoid
potential penetration enhancements due to the magnetic field
that is generated during electro-magnetic stirring, and which
would have activated nanoparticle magnetic properties.
Once skin pieces were clamped on vertical cells, they were
equilibrated with phosphate-buffered saline (PBS) for 1 hour
(hydration phase) before exposure to nanoparticle dispersions
for 3, 6, 12, or 24 hours.
Nanoparticle formulation may alter skin barrier properties
As a first result, penetration experiments showed that the
dispersing medium of a nanoparticle formulation might be
responsible for altering, to different extents, the skin barrier
properties. In each experiment, we compared the resistivity of
skin pieces exposed to PBS, a particular nanoparticle
formulation, and its blank solution (obtained by centrifuging
an aliquot of the formulation under examination). Results
showed that both nanoparticle dispersions and their blank
solutions were able to diminish skin barrier. However, these
modifications should be considered minor, because de-
creases in skin resistivity measurements could be generally
noticed only at 1 kHz.
In particular, the TMAOH-NP dispersion caused a decrease
in skin resistivity of 2 kO cm2 (1 kHz; Po0.05) after 12 hours of
skin contact. This barrier perturbation is very mild when
compared with the abrupt decrease (ca. 6 kO cm2 at 1 kHz and
ca. 44 kOcm2 at 10 Hz; in both cases Po0.05) in skin
resistivity caused by a basic TMAOH control solution, which
was visible at both frequencies already after 3 hours. This result
was not expected because either TMAOH-NP dispersion or
TMAOH control solution should have been at pH 12. It was
then discovered that the slow adsorption of CO2 decreased the
basicity of TMAOH-NP dispersion down to pH 7 without
flocculating particle clusters, which in turn explained the
observed discrepancy in skin resistivity. It has been hypothe-
sized that CO2 adsorption might have sequestrated hydroxyl
ion excess in TMAOH-NP dispersion, limiting its destructive
action on epithelia (Sigma-Aldrich website. MSDS data sheet of
TMAOH at http://www.sigmaaldrich.com/cgibin/hsrun/Suite7/
Suite/HAHTpage/Suite.HsSigmaAdvancedSearch.formAction,
July 2006). In fact, using another batch of TMAOH-NPs that
was instead basic, no differences in skin resistivity were
observed in skin specimens exposed to nanoparticle dispersion
or its blank solution at both frequencies. Nevertheless, the
TMAOH-NP formulation used throughout this study was the
neutral one.
AOT-NP dispersion and its blank solution produced a
significant decrease in skin resistivity (ca. 5 kO cm2 at 1 kHz
and ca. 60 kO cm2 at 10 Hz) after 24 hours when compared
with PBS. However, during the experiment, the decrease in
skin resistivity was only visible at 1 kHz and after 3 hours
(4 kO cm2; Po0.05). No differences were observed between
AOT-NP dispersions and its blank within 24 hours. These
1704 Journal of Investigative Dermatology (2007), Volume 127
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results suggest that the surfactant properties of AOT (Sigma-
Aldrich website. MSDS data sheet of the product AOT at http://
www.sigmaaldrich.com/cgibin/hsrun/Suite7/Suite/HAHTpage/
Suite.HsSigmaAdvancedSearch.formAction, July 2006) (Zatz
and Lee, 1997) might be responsible for the decreased SC
barrier.
Finally, the skin resistivity of pieces exposed to PBS
remained similar to the initial values (before and after the
hydration phase) at both frequencies for 24 hours.
Skin morphology remained macroscopically similar during
penetration studies
Light transmission microscope (LTM) visualization on tolui-
dine blue-stained (Figure 3a–f ) 2-mm-thick sections showed
that each skin piece used for the penetration studies
maintained good morphology throughout the experiments,
as assessed by the constant presence of 10–15 SC layers
(12.775.6 mm), a compact viable epidermis (58.8719.9 mm),
and a collagen- and muscle-filled dermis (Figure 3a–f).
No macroscopic modification of skin architecture was
observed in PBS-exposed specimens, indicating that the
protocols used from explant to fixation did not damage
the skin, at least macroscopically (Figure 3a). No major
differences were observed in the skin samples treated with
different nanoparticle formulations or their blank solutions
(Figure 3a–f).
It was deduced that skin resistivity results were the direct
consequence of nanoparticle formulation exposure. In addi-
tion, considering that a decrease in skin resistivity is
associated with the better permeation of a molecule through
the skin (Golden et al., 1987; Kontturi et al., 1993; Kalia and
Guy, 1995), histology and resistivity measurements suggest
that AOT-NPs might have permeated the skin better than
TMAOH-NPs, because AOT-NP dispersions decreased skin
resistivity after 3 hours of contact.
Nanoparticles penetrate but do not permeate
Quantification of iron content within liquids that should have
received permeating nanoparticles, which was carried out
using an inductively coupled plasma (ICP)-optical emission
spectrometer, produced nonsignificant results (P40.05).
Nevertheless, the observation at the end of the penetration
experiments that skin surface and its invaginations and
furrows remained colored (red-brown; macroscopic ocular
observation; Figure 4b; compare Figure 4b and a) after
washing with PBS offered an alternative explanation for ICP
quantification results.
It was questioned whether nanoparticles might have
penetrated the skin, but only to a certain extent. Hence, a
series of different microscope investigations on nanoparticle-
treated skin pieces was performed.
Nanoparticle penetration was firstly assessed with specimen
histology
LTM visualizations on hematoxylin-stained 10-mm-thick
sections showed that one or more brownish areas were
always found on the SC surface (Figure 5a and b) and within
its layers (Figure 5b). This observation was strengthened
when skin pieces were preventively hydrated for 24 hours
with PBS before starting the permeation experiments (Figure
5a–c), owing to a more accessible swollen SC. As these
colored areas were never found in controls (data not shown),
it was deduced that nanoparticles might have formed
intercellular deposits within the SC structure. In addition, a
fine brownish granule accumulation between cells of the
stratum granulosum was frequently observed when nanopar-
ticle-treated sections were at higher magnifications (Figure 5a
and c; not shown in detail because of loss of resolution during
image digitalization). Considering that melanin is located in
a b c
d e f
Figure 3. LTM images of toluidine blue-stained semi-thin skin specimens.
Skin specimens, exposed to nanoparticle dispersions and their blanks, were
fixed in TEM buffer and post-fixed in osmium tetroxide and uranyl acetate,
embedded in an Epon-based resin, cut as 2-mm-thick sections, and finally
stained with toluidine blue. For details on sample preparation, refer to the
Materials and Methods section. Images show the morphology of skin
specimens that have been exposed to different nanoparticle dispersions or
blank solutions and times (a: 1 hour hydrationþ24 hours PBS; b: 1 hour
hydrationþ 12 hours AOT-NPs; c: 1 hour hydrationþ3 hours AOT-NPs;
d: 1 hour hydrationþ 6 hours AOT-NPs; e: 1 hour hydrationþ 24 hours
TMAOH (aq), pH 12; f: 1 hour hydrationþ24 hours TMAOH-NPs).
Nonetheless, specimens are very similar to each other and have a good
morphology where the SC (12.775.6 mm), viable epidermis (58.879.9 mm),
and dermis are easily recognizable. Melanin granules (in brown) may be seen
(b–f) in the stratum basale of viable epidermis and (b, d) up to three to four
layers above it in those skin pieces that were particularly rich in melanin.
Bar¼50 mm.
a b
Figure 4. Skin macroscopic aspect. This figure shows a piece of skin
(a) before and (b) after being subjected to a penetration experiment. (b) Only
the central circular portion of this specimen was in contact with nanoparticles
and remained colored reddish-brown after being washed in PBS. Bar¼ 1 cm.
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the cytoplasm of epidermal basal cells (melanocytes), whose
granule-containing extensions do not generally reach the
stratum granulosum (Figure 3a–f) and are instead commonly
phagocytosed by other epidermal cells (Riley, 1997), it was
hypothesized that the observed intercellular granulosity
(Figure 5a and c) might be most likely due to nanoparticles
that succeeded in reaching the epidermis. The hypothesis as
to whether nanoparticles may have been dragged from the SC
surface to the epidermis was rejected because skin specimens
were intentionally cut perpendicularly to their thickness (SC,
viable epidermis, and dermis cut at the same time) to avoid
external contamination of the sample.
Nevertheless, poor digital resolution of the tiny colored
spots found in the viable epidermis persuaded us to
investigate specimens at higher magnification.
TEM may not be an elective method to investigate skin
penetration of metallic nanoparticles
The first attempt to observe skin specimens (thickness
60–90 nm) at higher magnifications was made using a TEM.
Although this technique confirmed skin morphology findings,
the observations did not provide a final solution. It should be
emphasized that skin sections were observed with a micro-
scope operating at 80–100 kV and generally at a magnification
of  29,400 (Figure 6a and b), whereas nanoparticles were
examined with another microscope operating at 200 kV and at
magnifications up to 200,000 (Figure 2a and b). In addition,
most of the time, individual nanoparticles were less electron-
dense at magnifications less than 200,000. Consequently,
the discrimination between nanoparticles and structural
components of skin was extremely difficult in a gray-scale
background (Figure 6a and b). In fact, besides larger deposits
between corneocytes of desquamating SC (Figure 6a), which
are most likely made up of nanoparticles because they have
never been found in specimens used as controls (data not
shown), asserting that these electron-dense longer thread-
shaped structures (Figure 6b), which were found close to
the stratum granulosum, are degrading corneodesmosomes
or natural components of intercorneocyte space instead
of nanoparticle deposits, would be questionable in both
cases.
Further proof of nanoparticle penetration was obtained with an
energy dispersion spectrometry-scanning electron microscope
The second attempt to observe skin pieces at higher
magnification was conclusive. Actually, with a high-resolu-
tion scanning electron microscope (SEM) equipped with an
X-ray microanalyzer (energy dispersion spectrometry, EDS),
nanoparticle distribution within a thickness of 16-mm-thick
treated skins was revealed.
We would like to comment, for those who are not familiar
with EDS-SEM, that this technique allows one to image a
specimen and contemporarily perform an elemental analysis
of the reacting volume below the area under observation.
Normally, when the electron beam hits biological samples,
these behave like low-density materials and generate a series
of different types of electrons from the inside of the specimen.
SC
D
VE
a
c
b
Figure 5. LTM images of hematoxylin-stained skin specimens. Skin
specimens exposed to nanoparticle dispersion were frozen, cryosectioned
(10mm), fixed with paraformaldehyde, and stained with hematoxylin. For
details on sample preparation, refer to the Materials and Methods section.
(a–c) The staining procedure allows coloring cell nuclei of the viable
epidermis (VE) and of some spare cells of the dermis (D) in a darker blue and
their cytoplasms in a lighter blue; the SC (a, b, and less c) and most of the
derma (b and less c) thus remain faint. This figure, however, shows skin
specimens exposed (24 hours) to a nanoparticle dispersion after a hydration
step of another 24 hours, where it is possible to clearly see brownish deposits
on and between the lamellae of a swollen (SC: 31.773.7mm; VE:
65.2740.5 mm) SC (a, b; black arrows), and less clearly some smaller
brownish deposits in the stratum granulosum of the viable epidermis
(a, c; yellow squares). Melanin granules are instead clearly recognizable
(b, c, and much less in a; magenta arrows) in the stratum basale of the viable
epidermis. Bar¼ 50 mm.
SGa b
Figure 6. TEM micrographs of nanoparticle-treated skin samples. Skin
specimens were fixed in TEM buffer, post-fixed in osmium tetroxide and
uranyl acetate, embedded in an Epon-based resin, cut as 60- to 90-nm-thick
sections, and finally stained with uranyl acetate and bismuth sub-nitrate.
For details on sample preparation, refer to the Materials and Methods section.
Selected micrographs show (a) large electron-dense deposits in the uppermost
swollen SC intercorneocyte spaces (white arrows; TMAOH-NP-treated skin,
24 hours hydrationþ 24 hours penetration), and (b) smaller thread-shaped
ones in deeper SC layers and along the corneocyte border (along white
asterisks; AOT-NP-treated skin, 1 hour hydrationþ3 hours penetration) close
to the stratum granulosum (SG) where (b) hemidesmosomes were easily
identified (gray arrows). (b) Corneodesmosomes were found in all SC and
were identified by the repeating electron-dense–non-electron-dense unit (non-
indicated). Bar¼ 1.7 mm.
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The depth at which these electrons are generated depends on
the energy of the electron beam (given in kV): the more
intense the beam, the more profound the source of electrons
(Goldstein et al., 1981; Richards and Gwynn, 1995).
Consequently, by regulating the intensity of the beam, one
can ‘‘see’’ below the surface of the specimen using back-
scattered electrons (BSE) for images and Ka X-rays for
elemental analysis. In addition, with images obtained with
BSE, it is possible to differentiate between areas of higher
(whiter) and lower (darker) density (Goldstein et al., 1981;
Richards and Gwynn, 1995).
Before commenting on the results obtained with nano-
particle-treated skin samples, we first show how a cross-
section of the skin appears when it is imaged with BSE
(Figure 7). It is possible to identify three areas of different
density that are conveniently delimited by two colored lines.
The SC lies above the magenta line, and the dermis is below
the cyan line. The observation of ca. 200 specimens,
analyzed in this study, has clarified that the epidermis does
not always show those circular areas (which is the space
occupied by nuclei; compare Figure 7 and Figure 3a–f) that
are clearly visible in Figure 7. Nonetheless, between the SC
and the epidermis we have always distinguished something
resembling a fracture; nothing similar was observed below
the basal lamina. Consequently, it has always been easy to
differentiate between SC and the viable epidermis.
The comparison of BSE images and chemical analysis of
white areas within nanoparticle-treated specimens (Figures
8–11) showed that they were rich in roundish aggregates
(Figures 8–11) made of iron (EDS spectra in Figures 8–11). As
iron deposits were never found in skin specimens exposed to
PBS or blank solutions (data not shown), it was deduced that
these aggregates are the nanoparticles that were able to
penetrate the skin. Nanoparticles were always found in SC
(Figure 8a and c), and less often in the uppermost strata of the
viable epidermis (Figure 9a and c), suggesting that the
044622     20.0 kV × 400  75.0  m
Figure 7. Backscattered electron image of a skin specimen. Skin specimens
were frozen, cryosectioned (16 mm), dried, coated with carbon, and observed
using a SEM at 20 kV. For details on sample preparation, refer to the Materials
and Methods section. The proposed micrograph shows a PBS-treated skin
specimen, where it is possible to recognize the SC (above the magenta line;
ca. 18mm), the viable epidermis (between cyan and magenta lines;
ca. 93.7–36.1mm), and the derma (below the cyan line). Bar¼75 mm.
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Figure 8. Backscattered electron images of skin specimens showing iron
deposits in the SC. This figure shows (a, c) two skin specimens whose SC
(above the fracture in panels a and c) is filled with roundish aggregates of
high-density material, which are made up of iron (b and d; presence of Fe Ka1
signal, Fe highest peak). In particular, specimen (a) was treated with AOT-NPs
for 12 hours (conditions: BSE, carbon coating 10 nm, 20 kV, bar¼200 mm) as
well as specimen (c) (conditions: BSE, carbon coating 10 nm, 20 kV,
bar¼ 33.3 mm). EDS graphs (b) and (d) are the chemical analysis of specimens
(a) and (c), respectively. For details on sample preparation and data
acquisition, refer to the Materials and Methods section.
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Figure 9. Backscattered electron images of skin specimens showing iron
deposits in the SC and in the SC–viable epidermis junction. This figure shows
(a, c) two skin specimens whose SC (above the fracture in panels a and c) and
SC–viable epidermis junction (within and below the fracture in panels a and c)
have several roundish aggregates of high-density material, which are made up
of iron (b and d; presence of Fe Ka1 signal, Fe highest peak). In particular,
specimen (a) was treated with TMAOH-NPs for 12 hours (conditions:
BSE, carbon coating 10 nm, 20 kV, bar¼27.3 mm) and specimen (c) with
TMAOH-NPs for 24 hours (conditions: BSE, carbon coating 10 nm, 20 kV,
bar¼ 20.0 mm). EDS graphs (b) and (d) are the chemical analysis of specimens
(a) and (c), respectively. For details on sample preparation and data
acquisition, refer to the Materials and Methods section.
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junction between SC and the viable epidermis may modulate
further penetration, because many nanoparticle aggregates
were found close to it. This observation may be explained by
the presence of tight junctions between the stratum granulo-
sum and the stratum lucidum, non-degraded corneodesmo-
somes between corneocytes, and a greater compactness of
the SC when it is close to the viable epidermis (Kierszen-
baum, 2002). However, in some rare cases, nanoparticle
aggregates have also been found below (ca. 30–100 mm) the
SC–viable epidermis junction (Figure 10a and c). Hair
infundibulum (down to ca. 170mm from the skin surface;
Figure 11a) and normal skin invaginations and furrows
(Figures 8a and 9a) also appeared to be privileged locations
for nanoparticle penetration.
DISCUSSION
The results of this study showed that rigid nanoparticles
smaller than 10 nm, whose aqueous dispersions are formed
by individual particles and their reversible clusters (ranging
up to several micrometers; Table 1), are able to passively
penetrate the skin through the SC lipidic matrix and hair
follicle orifices, reaching the deepest layers of the SC, the
stratum granulosum, and hair follicles. In some exceptional
cases, nanoparticles were also found in the viable epidermis.
These results are important because, to our knowledge, it is
the first time that such findings have been reported.
A comparison with previous and more recent literature
should be made very carefully and should take into account
experimental setting, type of skin, donor species, evaluation
of skin integrity with means other than ocular observation,
skin autofluorescence, nanoparticle type and dimensions,
and investigation techniques, parameters that, if not appro-
priately considered, may lead to a false positive.
In fact, beyond a great pharmaceutical interest and a
toxicological-risk awareness, published results may not be in
complete agreement (i.e., skin penetration of TiO2; Schulz
et al., 2002; Tsuji et al., 2006) or may be difficult to connect
to the same penetration/permeation mechanism, which in
turn increases particle-penetration skepticism. So far, many
efforts have been directed to understanding particle penetra-
tion in the hair follicle, which have shown that particles with
diameters ranging between 7 mm and 20 nm are almost
exclusively found in the hair follicle infundibulum and below
(Schaefer et al., 1990; Lauer et al., 1996; Alvarez-Roma´n
et al., 2004; Toll et al., 2004; Meidan et al., 2005; Vogt et al.,
2006). Actually, Vogt et al. (2006) showed that 40 nm
particles were able to penetrate the perifollicular dermis
through the hair follicle. In contrast, for particle penetration
through the intercellular transcutaneous pathway (through
the SC lipidic matrix), a few well-designed studies have been
reported. Among these, van den Bergh et al. (1999a, b) have
shown that elastic particles of 100–150 nm are able to
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Figure 10. Backscattered electron images of skin specimens showing iron
deposits below the SC–viable epidermis junction. This figure shows (a, c) two
skin specimens whose viable epidermis (below the fracture in a and c) has
some roundish aggregates of high-density material, which are made up of iron
(b and d; presence of Fe Ka1 signal, Fe highest peak). In particular, specimen
(a) was treated with TMAOH-NPs for 6 hours (conditions: BSE, carbon coating
10 nm, 20 kV, bar¼ 50.0 mm) and specimen (c) with AOT-NPs for 6 hours
(conditions: BSE, carbon coating 10 nm, 20 kV, bar¼ 85.7 mm). In particular,
iron deposits found in specimens (a) and (c) were respectively at ca. 30 mm
and 34–110 mm below the SC–viable epidermis junction. EDS graphs (b) and
(d) are the chemical analysis of specimens (a) and (c), respectively. For
details on sample preparation and data acquisition, refer to the Materials and
Methods section.
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Figure 11. Backscattered electron images of skin specimens showing iron
deposits within and near a hair follicle. This figure shows the same skin
specimen at (a) low and (b) higher magnification to better visualize the
deposits of high-density material, which are made up of iron (c; presence of Fe
Ka1 signal, Fe highest peak), that were found in the hair follicle and its
proximity (white squares in panel a). In particular, the specimen was treated
with AOT-NPs for 24 hours (a: conditions: BSE, carbon coating 10 nm, 20 kV,
bar¼ 231.0 mm; b: conditions: BSE, carbon coating 10 nm, 20 kV,
bar¼ 33.3 mm). In particular, the deepest iron deposits found in specimen
(a) were at ca. 170mm from the skin surface. EDS graph (c) is the chemical
analysis of specimen (b). For details on sample preparation and data
acquisition, refer to the Materials and Methods section.
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penetrate the SC matrix through channel-like structures,
while remaining confined in it. A more recent work
(Honeywell-Nguyen et al., 2004), where the skin penetration
abilities of elastic and rigid particles of 100–130 nm were
compared, showed that elastic particles are able to reach the
SC–viable epidermis junction within 1 hour, whereas rigid
particles were found only in the superficial layers of SC. In
addition, it was reported (Tinkle et al., 2003) that 0.5–1.0 mm
particles could penetrate SC and may reach the epidermis
and occasionally the dermis if a motion mimicking a skin
massage was applied on the skin surface.
Thus, our findings are in agreement with previously
published results. In fact, from a strictly dimensional point
of view, the nanoparticles (both individual particles and
reversible clusters) investigated in this study are much smaller
than the particles previously used to target hair follicle and SC
lipid matrix, justifying their recovery in those locations. In
addition, and in accordance with Honeywell-Nguyen et al.
(2004), we found many aggregates of nanoparticles close to
the SC–viable epidermis junction and the stratum granulo-
sum. Moreover, the extremely small dimensions of our
particles might have been responsible for the exceptionally
deeper penetration in the viable epidermis. Finally, if the
penetration of reversible clusters is assumed as probable and
concurrent with that of individual particles, the contribution
of reversible clusters to nanoparticle recovery in the SC
cannot be neglected because cluster dimensions are not
rigidly fixed and may adapt to the penetration-pathway size,
thus behaving as elastic particles.
If we now consider the superficial charge of studied
nanoparticles, some hypotheses can be made about the
penetration mechanism, but we would have to distinguish
between TMAOH-NP and AOT-NP dispersions. It was
mentioned earlier that TMAOH-NPs have an isoelectric point
of 6.3 and of 5.8–6.0 for frozen skin, which is not a fixed
value because under in vitro conditions it will slightly
increase with time if a neutral buffer is used in the receiving
chamber (Wagner et al., 2003). LTM and EDS-SEM analyses
seem to have pictured a situation in which, owing to the
similar isoelectric points of particles and skin, a majority of
TMAOH-NPs flocculated within the outermost layers of the
SC, whereas a fraction of TMAOH-NPs with positive charges
succeeded in entering the skin and flocculated instead in the
deeper layers of the SC as the gradient of pH within the skin
starts increasing. This scenario justifies both the greater
recovery of TMAOH-NPs in the external layers of the SC and
the absence of a correlation between exposure time and
recovery. For AOT-NP dispersions, the detergent properties of
AOT (Zatz and Lee, 1997) might have been responsible for
extracting some components of the SC, most likely proteins
(owing to the affinity of AOT for proteins) of the corneocyte
envelope, thus disorganizing the lipidic matrix that cements
them and most likely opening routes of penetration within the
SC. The decreased skin resistivity observed after AOT-NP
dispersion exposure supports some alteration to the lipidic
matrix organization. In the case of AOT-NPs, it is possible
that detergent properties might be dominant with respect to
superficial ones.
Finally, and although more experiments are needed to
help us completely understand the penetration mechanism,
this study represents a proof of principle and provides a major
breakthrough in the study of skin absorption, which allows us
to envisage potential toxicological risks and further nanopar-
ticle biomedical applications. In fact, it is now possible to
foresee synthesized particles that have been designed
specifically to target the skin (as we are currently doing),
both to understand the penetration mechanism and to study
whether penetrated amounts could be of any use in
biomedical applications. In addition, from a nanotoxicologi-
cal point of view, one can question ‘‘how much is enough’’
to trigger toxicological responses. Unfortunately, we cannot
answer this question yet, as nanotoxicological risk assess-
ment investigations have only recently been undertaken
(Hoet et al., 2004; Holsapple and Lehman-McKeeman,
2005; Holsapple et al., 2005; Oberdo¨rster et al., 2005;
Thomas and Sayre, 2005) and the cutaneous route of
exposure has not yet received great attention. Our commit-
ment is instead to evaluate both risks and applications of
nanoparticle skin absorption, hoping that our work will help
to increase awareness and safety of a technology with great
potentialities.
MATERIALS AND METHODS
Materials
Nanoparticles were produced using the following materials:
cyclohexane, cyclohexylamine, Brij-97, iron (III) chloride (FeCl3),
iron (II) chloride (FeCl2), iron sulfate (Fe2SO4), AOT, and sodium
borohydride (NaBH4) from Aldrich (ES); nitric acid (69%) Normapur
from VWR-Prolab (ES); hydrochloric acid (37%) from Merck (ES);
TMAOH (10%) from Fluka (ES); and heptane from Riedel-de Haen
(ES). A glycerol gel and PBS tablets (PBS-Ts; 0.01 M phosphate buffer,
0.0027 M KCl, and 0.137 M NaCl) were obtained from Sigma (IT).
These PBS-Ts were used to prepare the PBS solution used for
diffusion experiments. Special nitric acid (1%) for ICP quantifications
(see below) was ordered from Fluka (cat. no. 84385; IT).
A paraformaldehyde phosphate-buffered solution (4%, Immunofix)
and a Mayer hematoxylin solution (Emalum Mayer) were purchased
from Bio-Optica (IT). Skin samples observed using a TEM were
processed using the following materials: cacodylate buffer, paraf-
ormaldehyde, glutaraldehyde, sucrose, osmium tetroxide, uranyl
acetate, Epon, dodecenyl succinic anhydride, methyl nadic an-
hydride, benzyl dimethyl amine, and bismuth sub-nitrate from
Aldrich (IT) and Societa` Italiana Chimici (IT). All materials were
stored as prescribed by the manufacturers and used without further
purification.
Nanoparticle preparation and characterization
Maghemite (g-Fe2O3) and iron (Fe) nanoparticles were synthesized
using a microemulsion (Me) method exhaustively described else-
where (Lo´pez Quintela and Rivas, 1993).
Briefly, maghemite nanoparticles were obtained by quickly
mixing two microemulsions composed of a cyclohexane/Brij-97/
aqueous solution of iron salts (0.5 M in Fe3þ , 1 M in Fe2þ , and 0.1 M
in HCl) (Me1) and cyclohexane/Brij-97/deionized water/cyclo-
hexylamine (Me2), which were then maintained under stirring and
at 651C for 10 minutes. Nanoparticle formation was indicated by the
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appearance of a black color in the reacting mixture, to which
acetone was then added to allow nanoparticle precipitation.
Subsequently, nanoparticles were isolated by magnetic separation
and then washed twice with acetone and deionized water (pH 7).
Finally, to obtain a stable dispersion, particles were washed in nitric
acid (1 M) and deionized water (pH 7), and then dispersed in a
TMAOH solution (0.01–0.1 M) under vigorous stirring. Maghemite
nanoparticles were characterized by X-ray electron diffraction
(Philips PW-1710), TEM (JEOL JEM-2010 operating at 200 kV), and
DLS by determining their zeta potential and isoelectric point
(Malvern Zetasizer Nano ZS, Malvern Instruments), and by magnetic
measurements (DMS 1660 vibrating sample magnetometer, VSM)
(Lo´pez Pe´rez et al., 1997).
Iron nanoparticles were prepared by mixing two microemulsions,
which contained AOT/heptane/FeCl2/deionized water (Me1) and
AOT/heptane/NaBH4/deionized water (Me2), and then stirring the
resulting mixture under N2 for 15 minutes. After reduction of Fe
2þ to
Fe0, iron nanoparticles were centrifuged, washed with acetone, and
dried in an argon-controlled environment. Iron nanoparticles were
characterized by TEM (JEOL JEM-2010 operating at 200 kV), DLS,
thermogravimetric analysis, and magnetic measurements (Lo´pez-
Quintela et al., 1997).
DLS measurements
For both nanoparticles, DLS measurements were performed using an
ALV SP-86 goniometer, an ALV 5000 Multi-tau correlator, and a
Coherent DPSS 532 laser operating at a wavelength of 532 nm and a
power of 100 mW. The correlation functions were accumulated for
2 minutes and analyzed using the ALV-5000 WIN software based on
the CONTIN algorithm adapted to the specific correlator noise.
Temperature was fixed at 201C. The logarithmically sampled
relaxation time spectra (amplitude vs log(t)), which were the result
of the CONTIN inversion of the normalized correlation functions,
were transformed using the Stokes–Einstein relation, the electrolyte
solvent viscosity Z0, and the refractive index n at the actual
temperature T to yield the hydrodynamic radius RH¼ (kTq2t)/6pZ0,
where k is the Boltzmann constant and q¼ (4pn/l)sin(y/2) is the
scattering vector as a function of wavelength in vacuum, l, and
scattering angle y. Measurements were performed at angles of 45,
60, 90, 120, and 1501.
Skin preparation
Full-thickness human skin was obtained from female donors
undergoing surgical reduction of the abdomen. Anesthesia was
induced by Diprivan and maintained with a mixture of Sevorane
(sevoflurane) and Remifentanil. Excided skin was then cleaned of fats
using a surgical scissors and stored at 231C until use. Experimental
protocols and skin donation were approved by the ethical committee
of Azienda Ospedaliera G. Brotzu (Cagliari, IT; protocols no. 133
and no. 135, respectively issued on 22 December 2003 and 26
January 2004). Nevertheless, patient consensus remained obligatory
for specimen donation. Experiments were conducted according to
the Declaration of Helsinki Principles (http://www.wma.net).
Penetration experiments
Nanoparticle penetration experiments (n: 3, 4) were carried out
using handmade vertical diffusion cells (Rofarma Italia S.r.l., IT;
diameter: 9.0570.46 mm, area: 0.6470.03 cm2), which were
thermostated at 371C (Grant Instruments Ltd, GB). Skin was defrosted
overnight at 41C, opportunely cut into circular pieces (diameter:
2.5 cm), randomized, and clamped between the donor and receptor
chambers of diffusion cells. Receptor chambers were filled with 7 ml
PBS solution (0.01 M phosphate buffer composed of KH2PO4 and
Na2HPO4, 0.0027 M KCl, and 0.137 M NaCl, pH 7.4). Donor
chambers contained 200 ml of nanoparticle dispersion or blank
solution. Skin pieces were hydrated with PBS for 1 hour before
starting the permeation experiments. At 3, 6, 12, and 24 hours,
receptor chambers were emptied and solutions were analyzed for
nanoparticle content. Donor solutions were removed, and skin was
washed twice with PBS before unclamping diffusion cells. Finally,
tested skin pieces were processed for microscope examination.
Skin integrity evaluation
Skin pieces used in the penetration experiments belonged to female
donors aged 30–64 years. Skin barrier integrity was assessed by
calculating its specific resistivity using Ohm’s law before (before and
after the hydration phase) and after (3, 6, 12, and 24 hours) each
diffusion experiment. The amount of current crossing the skin was
recorded at 10 Hz and 1 kHz with an alternating current voltage of
100 mV using Ag–AgCl electrodes (model: E242; In Vivo Metric,
Healdsburg, CA), which were connected to an alternating current
signal generator (HP 33120A, 15 MHz, Function Arbitrary Waveform
Generator, Hewlett Packard, Palo Alto, CA) in series with a digital
meter (HT58 multi-display multimeter, HT Italia S.r.l., IT).
Nanoparticle quantification
Nanoparticle concentration in receptor suspensions was quantified
using an ICP-optical emission spectrometer (VISTA-MPX, Varian
Inc., Palo Alto, CA) spectrometer. Before analysis, samples were
diluted with a 1% HNO3 (Fluka; cat. no. 84385) solution.
Statistical analysis
Data subjected to statistical analysis were evaluated by the unpaired
two-population Student’s t-test, where Pp0.05 was considered to be
significant.
Skin fixation protocols for microscope observation
Tested skin was processed differently, depending on the type of
microscope used. At the end of the diffusion experiments, each
circular specimen was cut along its diameter into two halves. One
half was frozen at 231C, whereas the other half was cut into
1–2 mm3 pieces and fixed for TEM observation (see below).
Frozen skin samples were cut into 10 and 16 mm sections using a
cryostat (Microm cryostar HM 560, Carl Zeiss S.p.A., IT), taking into
account that the cryostat blade would section specimens perpendi-
cularly to its thickness, thus cutting SC, viable epidermis, and dermis
at the same time. Thinner sections were fixed with 4% paraformal-
dehyde phosphate-buffered solution, stained with a Mayer hematoxy-
lin solution, and mounted in glycerol gel. Specimens were observed
using an LTM (Axioplan 2 imaging, Carl Zeiss S.p.A., IT). Thicker
sections were dried and coated with a 10 nm carbon layer (Emitech
K950, Emitech Ltd, GB). These samples were observed using a
high-resolution SEM (Hitachi S-4000, Hitachi, Schaumburg, IL)
equipped with an X-ray microanalyzer (EDS; Noran, model IFPS,
Thermo Noran, Middleton, WI) and data acquisition software (Kevex,
Sigma-32).
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Unfrozen skin specimens (1–2 mm3) were fixed in TEM buffer
(cacodylate buffer 0.15 M, paraformaldehyde 1%, glutaraldehyde
1.25%) and then washed in cacodylate-sucrose buffer (cacodylate
buffer 0.1 M, sucrose 3.5%, pH 7.2). Samples were post-fixed in
osmium tetroxide (2%, water) and then left overnight in uranyl
acetate (0.25%, water). The next day, specimens were dehydrated,
with a series of acetone solutions, and embedded in a mixture of
Epon 44.44%, dodecenyl succinic anhydride 35.56%, methyl nadic
anhydride 17.78%, and benzyl dimethyl amine 2.22%. Samples
were finally cut with an ultra-microtome (LKW) in 2 mm (also
referred as to semi-thin sections) and 60–90 nm sections. Thicker
sections were stained with toluidine blue and used to observe skin
morphology by LTM. Thinner sections were stained with uranyl
acetate and bismuth sub-nitrate, and used for TEM observations
(JEOL JEM-100S operating at 80–100 kV).
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